Abstract: Ultrasound has been proven to be a valid tool for ranging, especially in water. In this paper, we design a high-resolution ultrasonic ranging system that uses a thin laser beam as an ultrasonic sensor. The laser sensing provides a noncontact method for ultrasound detection based on acousto-optic diffraction. Unlike conventional methods, the ultrasound transmitted from the transducer is recorded as the reference signal when it first passes through the laser. It can be used to improve the accuracy and resolution of the time-of-flight (TOF) by a cross-correlation method. Transducers with a central frequency of 1 MHz and diameters of 20 mm and 28 mm are used in the experiment. Five targets and a test piece are used to evaluate the ranging performance. The sound velocity is measured by the sound velocity profiler (SVP). The repeatability error of TOF is less than 4 ns, and the theoretical resolution of TOF is 0.4 ns. The results show a measurement resolution within one-tenth of the wavelength of ultrasound and an accuracy better than 0.3 mm for targets at a distance up to 0.8 m. The proposed system has potential applications in underwater ranging and thickness detection.
Introduction
Ultrasonic pulse-echo detection dates from 1912, where it was used for iceberg detection. The basis of pulse-echo detection is echolocation. The distance between the transducer and the object depends on the TOF of the ultrasonic pulses [1] . The shape of the object can be reconstructed using a scanning imaging system or an array of transducers [2, 3] .
Compared to other detection methods (radar or laser), ultrasound is more suitable in water [4, 5] . On one hand, the reflection coefficient of an interface depends on the mismatch in acoustic impedance of the materials on either side of the interface. The objects to be measured are usually placed in water to allow sufficient energy transfer from and into the transducer, which is called immersion ultrasound detection [6] . On the other hand, sound is a valid method for underwater detection, especially in the deep ocean because of the high attenuation of electromagnetic waves in water. Currently, ultrasonic pulse-echo detection has been widely used in thickness detection, ranging, single/multi beam echo sounding, and sonar [7] [8] [9] [10] .
There are two main types of ultrasonic ranging methods. One is the pulse-echo type [11] , and the other is the opposite type [12] . The pulse-echo type consists of only one transducer, which works in compared with the coordinate measuring machine. An aluminum test piece is used to evaluate the thickness detection results compared to the micrometer. The ranging uncertainty of the proposed system is discussed at the end of the document.
Theory

Acousto-Optic Diffraction
In this section, we describe the relationship between the continuum mechanics of ultrasound and the optical diffraction problem. Ultrasonic waves can be seen as a kind of mechanical wave. In an isotropic medium, such as water, the index of refraction changes with pressure, which is induced by the ultrasound. The relationship between the refractive index and density of the medium can be written as follows:
n(r, t) = 1 + χρ(r, t)/ρ 0 ,
where n(r,t) is the refractive index of the medium at location r at time t, ρ(r,t) is the corresponding material density, χ is the intrinsic susceptibility of the medium, and ρ 0 is the ambient density of the medium. Using Taylor series expansion algebraic transformation, Equation (1) can be written as follows:
n(r, t) = n 0 +
where n 0 represents the ambient refractive index. We assume that the sound pressure is small and that the density variation can be related to the pressure variation using the piezo-optic coefficient. As such, the relationship between the index of refraction and the sound pressure is directly proportional, as follows:
n(r, t) = n 0 + ∂n ∂p p(r, t).
The ∂n/∂p is the piezo-optic coefficient, which can be expressed as follows:
where c 0 is the sound velocity. Here, we establish the relationship between the sound pressure and the refractive index. The ultrasound can be a continuous wave or pulsing wave. When a laser beam intersects the ultrasound field, it is diffracted and split into several beams that propagate in different directions. Raman and Nath [31] presented the analytical solution of acousto-optic diffraction, which was known as Raman-Nath diffraction. Pitts [36] explained the weak scattering model for the interaction of the optical and acoustic pulses in the Raman-Nath regime. The criterion for the Raman-Nath diffraction regime is defined by the Klein-Cook parameter Q [32] as follows:
where λ L is the wavelength of light, λ S is the wavelength of ultrasound, and L represents the length of the interaction volume. When Q < 1, Raman-Nath diffraction occurs.
When an ultrasonic pulse propagates through the medium, it modulates the amplitude and frequency of the laser. The mth order of diffracted light can be expressed as follows:
where A is a constant, ω is the angular frequency of light, and Ω is the angular frequency of ultrasound. J m is the Bessel function of the mth order. The frequency of the diffracted light corresponds to the Appl. Sci. 2019, 9, 1483 4 of 17 frequency of the ultrasound and the diffracted order. The phase delay induced by the ultrasound ϕ(t) can be expressed as follows:
where k L is the wavenumber of the light, ∂n/∂p is the piezo-optic coefficient of the medium, and p(y,t) is the pressure of ultrasound along the direction of light. The direction of light propagation is seen as the y-axis, which is the path of integration. The principle of acousto-optic diffraction is shown in Figure 1 . At this point, we present the relationship between diffracted light and ultrasound. We can calculate an ultrasonic pulse through the diffracted light. As the width of laser beam is only 0.8 mm, it provides a noncontact and high spatial resolution means for ultrasound detection.
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Pulse-Echo Ultrasonic Ranging
As shown in Figure 2a , the pulse-echo ultrasonic ranging system is based on echo-location. The transducer and the test piece are in the water. The result of the pulse-echo signal is shown in Figure  2b . The initial pulses are generated by electrical noise and a piezoelectric signal. When the distance is not too long and the temperature is stable, the ultrasound is assumed to travel along a straight line. The position of the scatter is determined by the TOF of the echo wave. The envelope of the signal is calculated by the Hilbert transform (HT), which has been widely used in nonstationary signal analysis [40] .
If we consider the pulse-echo signal as x(t), the HT of x(t) is defined as follows:
The envelope of x(t) is shown in Figure 2b . The peaks of the envelope determine the TOF. If the sound velocity is known, we can calculate the distance between the scatter and the transducer.
(a) Figure 1 . The principle of acousto-optic diffraction; m is the diffraction order.
As shown in Figure 2a , the pulse-echo ultrasonic ranging system is based on echo-location. The transducer and the test piece are in the water. The result of the pulse-echo signal is shown in Figure 2b . The initial pulses are generated by electrical noise and a piezoelectric signal. When the distance is not too long and the temperature is stable, the ultrasound is assumed to travel along a straight line. The position of the scatter is determined by the TOF of the echo wave. The envelope of the signal is calculated by the Hilbert transform (HT), which has been widely used in nonstationary signal analysis [40] .
The range information depends on the TOF. The phase-based methods have higher resolution than amplitude-based methods. Cross-correlation is a measure of similarity of two series as a function of the displacement of one relative to the other [41] . It is used for searching a long signal for a shorter, known feature. For discrete functions, the cross-correlation is defined as follows:
where f * denotes the complex conjugate of f, N is the length of the series, and m ranges from 0 to N−1.
Cross-correlation is useful for determining the time delay between two signals. After calculating the cross-correlation between the two signals, the maximum of the cross-correlation function indicates the point in time where the signals are best aligned. The time delay between the two signals is determined by the argument of the maximum. As opposed to other TOF methods, such as amplitude-related methods, cross-correlation methods need a reference signal. However, as shown in Figure 2b , there are many electronical noises in the initial ultrasound pulse when using the piezoelectric transducer. It is not suitable to be used as reference signal, which makes it difficult to determine the time of start.
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where f * denotes the complex conjugate of f, N is the length of the series, and m ranges from 0 to N−1. Cross-correlation is useful for determining the time delay between two signals. After calculating the cross-correlation between the two signals, the maximum of the cross-correlation function indicates the point in time where the signals are best aligned. The time delay between the two signals is determined by the argument of the maximum. As opposed to other TOF methods, such as amplitude-related methods, cross-correlation methods need a reference signal. However, as shown in Figure 2b , there are many electronical noises in the initial ultrasound pulse when using the piezoelectric transducer. It is not suitable to be used as reference signal, which makes it difficult to determine the time of start. As mentioned in Section 2.1, a laser beam can be used as a noncontact ultrasonic sensor. Therefore, we can use the signal when the ultrasonic pulse first propagates through the laser as the reference signal to calculate the TOF by the cross-correlation method. In the following sections, acousto-optic diffraction and the cross-correction method are used to improve the resolution and accuracy of ultrasonic ranging using the same ultrasonic transducer.
Experimental Set-Up
The pulse-echo ultrasonic ranging system is shown in Figure 3 . The instruments used in the system are listed in Table 1 . As mentioned in Section 2.1, a laser beam can be used as a noncontact ultrasonic sensor. Therefore, we can use the signal when the ultrasonic pulse first propagates through the laser as the reference signal to calculate the TOF by the cross-correlation method. In the following sections, acousto-optic diffraction and the cross-correction method are used to improve the resolution and accuracy of ultrasonic ranging using the same ultrasonic transducer.
The pulse-echo ultrasonic ranging system is shown in Figure 3 . The instruments used in the system are listed in Table 1 . The He-Ne laser emitted a continuous light into the water, assuming that the medium did not absorb it. The diffracted light was reflected by the mirror and was detected by the photodetector. Please note that diffracted light of high order (m > 1) was neglected in our experiment due to the low intensity. The positions of the transducer and the laser were fixed. A system with similar equipment has been used for the characterization of pulsed ultrasound; more details are provided in the original paper [42] .
Both transducers were plane transducers with a central frequency of 1 MHz. The difference is that 1P28 is an immersion transducer with a 1/4 wavelength layer that is acoustically matched to water. The direction of ultrasound propagation is considered as the z-axis. Accordingly, the direction of the laser propagation is considered as the y-axis.
The sound velocity was measured by a commercial SVP (Valeport Mini SVP). The principle of sound velocity measurement was by a sing-around method. The TOF was measured by the time of multiple round trips of sound waves within a known distance. The He-Ne laser emitted a continuous light into the water, assuming that the medium did not absorb it. The diffracted light was reflected by the mirror and was detected by the photodetector. Please note that diffracted light of high order (m > 1) was neglected in our experiment due to the low intensity. The positions of the transducer and the laser were fixed. A system with similar equipment has been used for the characterization of pulsed ultrasound; more details are provided in the original paper [42] .
The sound velocity was measured by a commercial SVP (Valeport Mini SVP). The principle of sound velocity measurement was by a sing-around method. The TOF was measured by the time of multiple round trips of sound waves within a known distance.
There were five targets used in the experiment, as shown in Figure 4 . The targets were mirrors whose diameters were 1 inch. All targets were fixed on the aluminum breadboard. The hole spacing was 25 mm. The transducer was fixed in the same line to ensure that the ultrasound propagated along the z-axis. We measured the distance between the reference plane and the reflectors. As the reflector could reflect ultrasound, we removed the reflectors one by one during the measurement, so that we could get the distance to the five reflectors one by one. There were five targets used in the experiment, as shown in Figure 4 . The targets were mirrors whose diameters were 1 inch. All targets were fixed on the aluminum breadboard. The hole spacing was 25 mm. The transducer was fixed in the same line to ensure that the ultrasound propagated along the z-axis. We measured the distance between the reference plane and the reflectors. As the reflector could reflect ultrasound, we removed the reflectors one by one during the measurement, so that we could get the distance to the five reflectors one by one. 
Results
Two kinds of excitation signals, namely a sinusoidal burst signal and a pulse signal, were used to excite the transducer. The ultrasound signal was detected by the ultrasonic transducer and laser sensing system. 
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The pulse signal was a high voltage sharp pulse generated by the reflectoscope, which is shown in Figure 5a . In this situation, the transducer worked in transmit-receive mode. The ultrasonic signal is shown in Figure 5b . The details of the initial wave and echo wave are shown in Figure 5c ,d. The width of the initial wave is quite wide and noisy. It is difficult to determine the time of start of the TOF. The laser sensing system provided a noncontact detection for ultrasound. Although the laser beam was placed near the surface of the transducer, the initial wave (also seen as a reference wave here) was cleaner and shorter than the ultrasonic transducer, which is shown in Figure 5f . However, the ultrasound emitted by the sharp pulse was generated by self-vibration of the piezoelectric materials. The stability and the signal-to-noise radio (SNR) were not good enough for precise measurement. The initial signal was also unsuitable for cross-correlation calculations. 
The pulse signal was a high voltage sharp pulse generated by the reflectoscope, which is shown in Figure 5a . In this situation, the transducer worked in transmit-receive mode. The ultrasonic signal is shown in Figure 5b . The details of the initial wave and echo wave are shown in Figures 5c,d . The width of the initial wave is quite wide and noisy. It is difficult to determine the time of start of the TOF. The laser sensing system provided a noncontact detection for ultrasound. Although the laser beam was placed near the surface of the transducer, the initial wave (also seen as a reference wave here) was cleaner and shorter than the ultrasonic transducer, which is shown in Figure 5f . However, the ultrasound emitted by the sharp pulse was generated by self-vibration of the piezoelectric materials. The stability and the signal-to-noise radio (SNR) were not good enough for precise measurement. The initial signal was also unsuitable for cross-correlation calculations. To transmit a stable and controllable ultrasonic signal, we instead used a sinusoidal burst signal. The sinusoidal burst signal was a 5-cycle 1 MHz burst signal generated by the signal generator, which is shown in Figure 6a . The transducer worked in transmit mode, which only transmits ultrasound. The laser sensing system was used for ultrasound detection. Figures 6b,c,d show the ultrasound signal detected by the laser sensing system. In this case, the ultrasound was To transmit a stable and controllable ultrasonic signal, we instead used a sinusoidal burst signal. The sinusoidal burst signal was a 5-cycle 1 MHz burst signal generated by the signal generator, which is shown in Figure 6a . The transducer worked in transmit mode, which only transmits ultrasound. The laser sensing system was used for ultrasound detection. Figure 6b -d show the ultrasound signal detected by the laser sensing system. In this case, the ultrasound was generated by forced vibration. We clearly found 5-cycle rising pulses and several small vibrations in the initial and echoed wave.
The ultrasound excited by the sinusoidal burst signal was stable and controllable, and therefore could be a good reference signal for the cross-correlation method. The laser sensing system provided an ultrasound detection method without disturbing the ultrasound field. Therefore, the sinusoidal burst signal and laser sensing system were used in the following experiment.
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To transmit a stable and controllable ultrasonic signal, we instead used a sinusoidal burst signal. The sinusoidal burst signal was a 5-cycle 1 MHz burst signal generated by the signal generator, which is shown in Figure 6a . The transducer worked in transmit mode, which only transmits ultrasound. The laser sensing system was used for ultrasound detection. Figures 6b,c,d show the ultrasound signal detected by the laser sensing system. In this case, the ultrasound was generated by forced vibration. We clearly found 5-cycle rising pulses and several small vibrations in the initial and echoed wave.
The ultrasound excited by the sinusoidal burst signal was stable and controllable, and therefore could be a good reference signal for the cross-correlation method. The laser sensing system provided an ultrasound detection method without disturbing the ultrasound field. Therefore, the sinusoidal burst signal and laser sensing system were used in the following experiment. 
Results and Discussion
TOF by the Cross-Correlation Method
The reference signal is the signal that is transmitted by the transducer and first passes through the laser beam. The echo wave is the wave that is reflected from the target. The cross-correlation coefficient is calculated at each point of the ultrasound signal. The laser sensing system makes it possible to record both the reference signal and echoes without disturbing the ultrasound. Please note that they are all recordings of the same ultrasound pulse at different times. Although the ultrasound propagates in the opposite direction after it is reflected, the signal series recorded by the laser do not need to be reversed, as shown in Figure 6 .
The reference signal is Ref(t), and the echoes are S(t) as follows:
where i is the ith echo, ai is the reflection coefficient and τi is the time delay of the echo to the reference signal. Usually, we consider the first echo as the signal reflected from the target. The cross-correlation coefficient C(τ) is calculated by Equation 8 , and the result is shown in Figure 7b . 
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TOF by the Cross-Correlation Method
The reference signal is the signal that is transmitted by the transducer and first passes through the laser beam. The echo wave is the wave that is reflected from the target. The cross-correlation coefficient is calculated at each point of the ultrasound signal. The laser sensing system makes it possible to record both the reference signal and echoes without disturbing the ultrasound. Please note that they are all recordings of the same ultrasound pulse at different times. Although the ultrasound propagates in the opposite direction after it is reflected, the signal series recorded by the laser do not need to be reversed, as shown in Figure 6 . (10) where i is the ith echo, a i is the reflection coefficient and τ i is the time delay of the echo to the reference signal. Usually, we consider the first echo as the signal reflected from the target. The cross-correlation coefficient C(τ) is calculated by Equation 8 , and the result is shown in Figure 7b . The envelope of the cross-correlation coefficient is calculated by the Hilbert transform. The first peak of the envelope refers to the moment that the ultrasound propagates through the laser light, which is the starting point of TOF. The TOF is defined as the duration t between peaks. The distance is the distance between the reference plane and the reflected plane, as shown in Figure 3 . Although the TOF can be calculated by the envelope of the ultrasound signal, which is shown in Figure 7c , the signal distortion would cause error and distortion. Compared to Figure 7c , the envelope of the cross-correlation coefficient shows better smoothness and symmetry. With a stable and clean reference signal, an accurate TOF can be calculated according to the cross-correlation method. A plane wave is emitted by the transducer. At each test point, the ultrasound can be seen as propagating along a straight line. There are some factors that impact on the performance of the proposed method. First, the sampling rate determines the time resolution of the cross-correlation method. However, a high sampling rate leads to expensive equipment and large data sizes. In this experiment, the sampling rate is 1 GHz, and we interpolate it to 2.5 GHz using linear interpolation. Interpolation is commonly There are some factors that impact on the performance of the proposed method. First, the sampling rate determines the time resolution of the cross-correlation method. However, a high sampling rate leads to expensive equipment and large data sizes. In this experiment, the sampling rate is 1 GHz, and we interpolate it to 2.5 GHz using linear interpolation. Interpolation is commonly used in cross-correlation calculations to improve the measurement resolution, without affecting the accuracy [43, 44] . The time resolution is 0.4 ns, in theory. Second, stochastic noise is the main noise in the proposed method. Two ways to reduce stochastic noise in the experiment are bandwidth limitation and average sampling. The central frequency of the transducer is 1 MHz. As such, the limiting frequency of the filter is set at 20 MHz. Eight average times are suitable in this experiment, considering both the SNR and time consumption. In addition, pulse repetition frequency (PRF) here is 200 Hz. On one hand, the PRF determines the maximum ranging distance, which is 3.75 m when the sound velocity is 1500 m/s. On the other hand, at each measurement point, the detection signal is the mean of eight sampling results. Thus, the PRF should not be too small.
The reference signal is Ref(t), and the echoes are S(t) as follows:
Although the positions of the transducer and laser were fixed, temperature variation, vibration, and electrical noise would cause a shift in the signal. The repeatability of the TOF measurements in 50 continuous tests at distances of 30 cm and 80 cm is shown in Figure 8 . Both were less than 4 ns at a distance up to 80 cm. 
Sound Velocity
The sound velocity was measured by a mini SVP from Valeport. It was fitted with a digital TOF sound velocity sensor, a temperature sensor, and strain gauge pressure transducer. The resolution of sound velocity is 0.001 m/s, and the uncertainty of sound velocity is 0.02 m/s. The sound velocity was measured after the temperature remained stable. The sound velocity measured for different places in the water tank is shown in Figure 9 . The repeatability error of sound velocity was less than 0.003 m/s. The error of sound velocity at different places was less than 5×10 −4 m/s. 
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velocity was measured after the temperature remained stable. The sound velocity measured for different places in the water tank is shown in Figure 9 . The repeatability error of sound velocity was less than 0.003 m/s. The error of sound velocity at different places was less than 5×10 −4 m/s. 
Ranging Resolution
In conventional ultrasound ranging techniques, the ranging resolution is equal to the half-wavelength of the wave. Unlike amplitude-based ranging methods, phase-based ranging methods, such as the cross-correlation method used in this paper, can improve the ranging resolution to subwavelength. The time resolution is 0.4 ns in theory, and the theoretical ranging resolution can achieve 1 µm.
In this situation, the target was fixed on the displacement platform. The ranging results by conventional ultrasonic ranging and the proposed system with a step distance of 0.05 mm are shown in Figure 10 . At each measuring point, we measured 10 times repeatedly. The deviation of ultrasonic ranging was larger than the proposed method. 
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In this situation, the target was fixed on the displacement platform. The ranging results by conventional ultrasonic ranging and the proposed system with a step distance of 0.05 mm are shown in Figure 10 . At each measuring point, we measured 10 times repeatedly. The deviation of ultrasonic ranging was larger than the proposed method. The ranging results from the proposed system with a step distance of 0.01 mm are shown in Figure 11 . The deviation was less than 0.004 mm, and the linearity was good. The ranging resolution could reach at least 0.01 mm in practice. The ranging results from the proposed system with a step distance of 0.01 mm are shown in Figure 11 . The deviation was less than 0.004 mm, and the linearity was good. The ranging resolution could reach at least 0.01 mm in practice.
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The ranging results from the proposed system with a step distance of 0.01 mm are shown in Figure 11 . The deviation was less than 0.004 mm, and the linearity was good. The ranging resolution could reach at least 0.01 mm in practice. 
Ranging Results
The distance of each target was measured by a coordinate measuring machine, which was viewed as the reference distance. The coordinate measuring machine was a Global Classic SR07.10.07 from Hexagon. The measuring error in space is less than 1.9 µm. The positioning repeatability is less than 5 µm. For each target, we measured the spatial position of 12 points and fitted a plane. The distance of each target was calculated by all the measuring points.
The ranging results of the five targets using the laser sensing system and cross-correlation method are shown in Figure 12 . For each target, we took 10 repeated measurements. The average values are shown in Figure 12 . The ultrasonic transducer used here was the 1P28. 
The distance of each target was measured by a coordinate measuring machine, which was viewed as the reference distance. The coordinate measuring machine was a Global Classic SR07.10.07 from Hexagon. The measuring error in space is less than 1.9 μm. The positioning repeatability is less than 5 μm. For each target, we measured the spatial position of 12 points and fitted a plane. The distance of each target was calculated by all the measuring points. The ranging results of the five targets using the laser sensing system and cross-correlation method are shown in Figure 12 . For each target, we took 10 repeated measurements. The average values are shown in Figure 12 . The ultrasonic transducer used here was the 1P28.
A comparison of the results for the coordinate measuring machine and the proposed method is shown in Table 2 . We use the distance variations measured by our system to compare to values measured by the coordinate measuring machine. The accuracy was better than 0.3 mm. The average relative error was nearly less than 1% for all targets. The proposed method showed good accuracy compared to the coordinate measuring machine. A comparison of the results for the coordinate measuring machine and the proposed method is shown in Table 2 . We use the distance variations measured by our system to compare to values measured by the coordinate measuring machine. The accuracy was better than 0.3 mm. The average relative error was nearly less than 1% for all targets. The proposed method showed good accuracy compared to the coordinate measuring machine. 
Thickness Detection Results
The test piece was an aluminum block, which is shown in Figure 13 . The two sides of the test piece could be viewed as 17 mm high steps. One side of the test piece was covered with a piece of paper and tape. Please note that the ultrasonic transducer used here was the 1P20. The test piece was placed at the bottom of the water tank. The transducer was placed on the surface of the test piece at a distance of 15 cm. Therefore, the direction of ultrasound propagation was along the x-axis, which is shown in Figure 14 . The thickness of the aluminum block is calculated by the range difference of the surface of the aluminum block and the subsurface of the water tank. The thickness of the test piece was measured using the micrometer. Four different points of the test piece were measured, as shown in Figure 13 . The results are listed in Table 3 . The model of micrometer used was a Micromar 40 ER, with a resolution of 0.001 mm. The main measuring error was due to the measurement mode. The proposed ranging system was a noncontact measurement method. The height of the test piece was calculated by the range difference of the surface of the test piece and the subsurface of the water tank, whereas the micrometer was a contact measurement. The relative error was less than 1.3%. 
Uncertainty Analysis
The distance calculated by pulse-echo system is calculated by the following: The thickness of the test piece was measured using the micrometer. Four different points of the test piece were measured, as shown in Figure 13 . The results are listed in Table 3 . The model of micrometer used was a Micromar 40 ER, with a resolution of 0.001 mm. The main measuring error was due to the measurement mode. The proposed ranging system was a noncontact measurement method. The height of the test piece was calculated by the range difference of the surface of the test piece and the subsurface of the water tank, whereas the micrometer was a contact measurement. The relative error was less than 1.3%. 
The distance calculated by pulse-echo system is calculated by the following: Figure 14 . Measurement of the thickness of the aluminum block; the thickness is the difference between H1 and H2.
The thickness of the test piece was measured using the micrometer. Four different points of the test piece were measured, as shown in Figure 13 . The results are listed in Table 3 . The model of micrometer used was a Micromar 40 ER, with a resolution of 0.001 mm. The main measuring error was due to the measurement mode. The proposed ranging system was a noncontact measurement method. The height of the test piece was calculated by the range difference of the surface of the test piece and the subsurface of the water tank, whereas the micrometer was a contact measurement. The relative error was less than 1.3%. 
The distance calculated by pulse-echo system is calculated by the following:
Therefore, the measurement uncertainty of the distance of the targets in this experiment can be calculated as follows:
The uncertainty of sound velocity is u(v measured ), which is a combination of three uncertainty sources. The accuracy of sound velocity measured by the mini SVP, v accuracy , is 0.02 m/s. The repeatability error of sound velocity, v repeatability , is 0.003 m/s. The uniformity of sound velocity in the water tank is 5 × 10 −4 m/s. Therefore, the u(v measured ) is 2.35 × 10 −2 m/s.
The uncertainty of TOF is u(t measured ). The main component is the repeatability error of TOF, t repeatability , which is 4.0 ns.
The uncertainty of the measured value of the distance is u(s measured ). It is the maximum of standard deviation compared to the reference distance, which is 0.199 mm. Uncertainty of the thermal expansion coefficient, u(s expansion ), is 1.18 × 10 −6 × T × s m . The temperature variation T is 0.05 K. However, if the distance is not too long, it can be neglected.
The uncertainty sources are shown in Table 4 . We use the distance of target 1-2 as an example. In summary, the combined uncertainty of the proposed ranging system can be estimated as follows: (13) Table 4 . Uncertainly analysis of the proposed ultrasonic ranging system. The combined uncertainty is calculated by the Equation (13) . The combined value of the distance of target 1-2 is 0.202 mm.
Standard Uncertainty
Conclusions and Future Work
In this paper, we design a high-resolution ultrasonic ranging system using a laser sensing system and the cross-correlation method. The laser sensing system is a noncontact ultrasound detection technique based on acousto-optic diffraction, which shows high SNR compared to conventional ultrasonic transducers. It can record the ultrasound that is transmitted from the transducer as the reference signal without disturbing the ultrasound field. The stable and clean reference signal provides an accurate TOF calculated by the cross-correlation method. The time resolution is 0.4 ns, in theory. The repeatability error of TOF is less than 4 ns at a distance up to 0.8 m. The ranging resolution can reach 0.01 mm, which is less than one-tenth of the wavelength of ultrasound.
The ranging results of five targets are compared with the coordinate measuring machine. The accuracy is better than 0.3 mm and the relative error is less than 1%. The thickness detection result of the test piece is compared with the micrometer. The relative error is less than 1.3%. Even a piece of paper can be distinguished using the proposed method.
The proposed system shows potential for combining the laser sensing system with a conventional ultrasound detection method. In our future work, we will take advantage of the laser sensing system for potential applications in underwater ultrasonic ranging and underwater imaging. 
